ratios of unprocessed atmospheric nitrate to total nitrate from 1.8 ± 0.3% to 11.8 ± 1.8%, with 27 5.1 ± 0.5% as the average of all inflow streams. Although the annual average Δ
tended to be smaller in accordance with the increase in annual average nitrate concentration 1 from 12.7 to 106.2 µmol L −1 , the absolute concentrations of unprocessed atmospheric nitrate 2 in the streams were almost stable at 2.3 ± 1.1 µmol L −1 irrespective of the changes in 3 population density and land use in each catchment area. We conclude that changes in 4 population density and land use between each catchment area had little impact on the 5 concentration of atmospheric nitrate. Thus, the total nitrate concentration originated primarily 6 from additional contribution of remineralized nitrate from both natural sources, having values 7 of +4.4 ± 1.8‰ and −2. utilize the 18 O/ 16 O ratios for the quantification of the accurate and precise mixing ratios 25 among various nitrate sources based on the isotope mass balance approach, the mixing ratio 26 of NO 3 − atm within the total nitrate in stream water must be better understood; otherwise, the 27 processes regulating nitrate concentration in stream water will be ambiguous even when 28 adding the data of 18 O/ 16 O ratios of nitrate. 29
To overcome the limitation in using the 15 N/ 14 N and 18 O/ 16 O ratios, the 17 determine those values in an outflow stream of the same lake to evaluate the influences of 21 flow stagnation into the lake on nitrate by using the differences between inflows and outflows 22 (Fig. 1) . The results presented herein will increase our understanding of the fate of NO 3 Lake Biwa, located in the central part of the Japanese Islands, is the largest freshwater lake in 1 Japan (Fig. 2) . It has a surface area of 670.4 km 2 and a total catchment area of 3174 km 2 with 2 annual precipitation of around 2000 mm. More than 120 streams flow into the lake, whereas 3 the Seta River (No. 33 in Fig. 2(b) ) at the southern end, also known as the Yodo River, is the 4 only natural outflow. The average residence time of water in the lake is 5.5 years. 5
Similar to many lakes throughout the world, Lake Biwa has experienced eutrophication in the 6 past. Urbanization near the lake beginning in the 1960s, particularly on the southern and 7 eastern shore, likely caused an increase in nutrient loading. Blooms of Uroglena americana 8 and cyanobacteria have occurred since 1977 and 1983, respectively (Hsieh et al. 2011 ). To 9 clarify the pathways and sources of nitrate that were fed into the lake, the stable isotopic 10 compositions (δ 15 N and δ 18 O) of dissolved nitrate were determined in the major streams 11 flowing into the lake (Ohte et al. 2010 (Table 1 ). Either a bucket or dipper was used to collect samples as far from the bank 1 as possible. Each sample was transferred into a dark polyethylene bottle that was pre-rinsed at 2 least twice with the sample itself and stored under refrigeration. Then, the samples were 3 filtered through a pre-combusted Whatman GF/F filter with a 0.7 µm pore size within a few 4 hours after collection, and the filtrate was stored in a different dark polyethylene bottle under 5 refrigeration at 4°C until analysis. 6
To calculate the annual influx/efflux of nitrate via each stream to/from Lake Biwa as well as 7 its seasonal variation, we used the sampling number n, where n = 1, 2, 3, and 4, to represent 8 the sampling in March, June, August, and October, respectively. In addition, we used one 9 more hypothetical sampling number (n = 5) set just one year later than the n = 1 date to 10 quantify the annual influx/efflux. Accordingly, we assumed that secular change was minimum 11 in the streams and that the streams returned back to the initial state one year later. 12 Furthermore, we rated the interval between n = 1 and 2 as spring, n = 2 and 3 as summer, n = 13 3 and 4 as autumn, and n = 4 and 5 as winter for the streams in this study. 14 Samples of wet deposition were taken at the Sado-seki National Acid Rain Monitoring Station 15 by using standard methods for evaluating acid deposition in Japan from April 2009 to March 16 2012. An automatic wet deposition sampler (US-420, Ogasawara) was used in the collection. 17
All of the deposition samples were introduced and stored in 1 L polyethylene bottles under 18 refrigeration until daily recovery. After measuring both the conductivity and pH, the 19 recovered samples were filtered through a 0.2 µm pore-size membrane filter (Dismic-25CS, 20 ADVANTEC) and stored in a refrigerator until analysis. (4), and (5): 10
12 (6) and (7): 3 in this study will be determined in section 3.1. +26.3‰ for the three years by using 11 , and , respectively) in each stream estimated by using Eqs. (3), (4), and (5) are 7 shown in the figure as black bars. In this figure, each stream was plotted on the x-axis in the 8 order of location beginning from stream No. 31, which lies southwest of all of the streams 9 ( Fig. 2) , and proceeding in a clockwise direction. (Fig. 3) , changes in the mixing ratio of 11 unprocessed NO 3 − atm within the total nitrate pool must be strongly responsible for the positive 12 correlation between and for nitrate in the streams. 13
The slope value of the least-squares-fitted line between and (Fig. 6) showed positive correlation with the population density (Fig. 7) . A similar trend was reported (Fig. 7(d) ) as well as 13 the uniform C atm irrespective of the population densities ( Fig. 7(b) ) imply that the 14 denitrification in riverbed sediments was minor for nitrate in the streams. Rather, the NO 3 − re 15 must be enriched in 15 N from its initial production through nitrification within the catchments 16 with high population densities. In addition, the small differences in δ 18 (2) 2 the progress of denitrification subsequent to production. We concluded that sewage effluent 3 was the most probable pollution source of nitrate to explain the observed concentrations and 4 isotopic compositions of nitrate eluted from the catchments with high population densities, 5 particularly for those more than 1000 km −2 . 6 As a result, we can evaluate the seasonal changes in the biogeochemical processing within 19 each catchment area by using the seasonal changes in the relationship between Δ 17 O and δ 18 O 20 shown in Fig. 8.  21 The increases in the number of data plotted on the highly 18 O-enriched region of more than a 22 few ‰ in δ 18 O from the lines imply that partial nitrate removal through assimilation or 23 denitrification was active within each catchment area in June and August. The areal 24 differences in the 18 O enrichment also support this hypothesis. As presented in Fig. 8 , 18 O 25 enrichments were common in samples obtained at the southern streams having high 26 population densities in each catchment area, as shown in the figure by white squares. We can 27 anticipate elevated loading of both nutrients and organic matter of anthropogenic origin in 28 these catchments, both of which naturally enhance both assimilation and denitrification. that in winter, the range of isotopic fractionation subsequent to production, such as partial 1 removal through assimilation or denitrification, was generally small for the major portion of 2 nitrate eluted from the watershed and fed into the lake. Therefore, the annual average values 3 (i.e. and ) of streams were distributed on the hypothetical mixing line, as shown in 4 Fig. 6 , because the nitrate influx in winter occupied a major portion of the annual nitrate 5 influx. Active removal of nitrate from the streams through denitrification/assimilation in 6 summer was also responsible for the small relative importance of nitrate influx into the lake in 7 summer. In conclusion, the relationship between Δ 17 O and δ 18 O of nitrate eluted from a 8 catchment area is a useful indicator for evaluating the biogeochemical processing within the 9 catchment area, including the seasonal change. To determine the C atm variability among the streams, the C atm values estimated in this study 30
Seasonal variation
were plotted as a function of population densities in Fig. 7(b) However, a clear C total enrichment trend was noted in accordance with the increase in 2 population densities of the catchments (Fig. 7(a) ). Similar C total enrichment trends have been 3 reported in previous studies (Ohte et al. 2010 ). 4
The northern streams such as Nos. Moreover, the maximum C atm values in these streams were found in March, which is the 26 season of snowmelt (Fig. 5) . On the contrary, most of the C atm -depleted streams such as Nos. The observed uniform C atm irrespective of population densities and headwater elevations 25 shown in Fig. 7 implies that the influences of snow packs and paved surfaces were still minor 26 in determining the C atm values in the streams. Rather, the observed stable C atm implies that 27 most of NO 3 − atm in the streams had been stored in groundwater/subsurface runoff in the 28 watershed having similar C atm concentrations and then gushed to the surface at respective 29 headwater zones of various elevations and various land uses as presented in Fig. 1.  30 When using the δ 18 O tracer, it was difficult to determine the precise absolute concentration of 31 Fig. 4 . In a manner similar to the inflow streams (i.e. by using Eqs. 6 (3) to (5)), we estimated the annual average concentration of total nitrate in the outflow river ( 7 ) +0.9‰, as presented in Fig. 4 . Moreover, in a manner similar to that used for the inflow 10 streams (i.e. by using Eqs. (2), (6), and (7)), we estimated the annual average concentration of 11 observation n, respectively; f i denotes the flow rate of each stream i during each observation 10 n; and Δt n denotes the time interval between the observation n and the next observation n + 1. 11
For Q in , we used the annual influx of water estimated by Kunimatsu et al. (1995) , in which the 12 influx via streams and that via groundwater were included. To include the influx of nitrate via 13 groundwater and the other minor streams not measured in this study during the calculations, 14 we used the correction factor α in Eq. (9), whereby we assumed that both the average 15 concentration and average isotopic compositions of the inflows determined in this study 16 represented those of all inflows into the lake, while assuming an error range of 20% on α. 17 By using the aforementioned equations, we estimated the total influx of nitrate to the lake 18 Table 2 , by using Eqs. (12), (6) , and (7). Furthermore, we estimated the annual 1 total influx and their annual average values, as shown in Table 2 . Moreover, we estimated the total efflux of nitrate from the lake via the outflows (ΔN out ) and 10 that of NO 3 − atm (ΔA in ) for each interval by using Eqs. (9) to (15) in which ΔN in was replaced 11
with ΔN out , which is the gross efflux of nitrate from the lake via the streams and groundwater 12 during the interval between the observation n and the next observation n + 1. Additionally, Q in 13 was replaced with Q out , which is the annual gross efflux of water. To include the minor efflux 14 of nitrate to ΔN out , such as that via canals, we used the correction factor γ instead of α in Eqs. 15 (9) and (10), whereby we assumed that both the concentration and isotopic compositions of 16 the natural outflow determined for each season in this study represented all outflows. For Q out , 17
we used the annual efflux of water from Lake Biwa estimated by Kunimatsu et al. (1995) , 18 which included the efflux via a natural river (Seta River, No. 33) and that via canals. during sedimentation (Fig. 1) should be responsible for the 15 N enrichment of the total fixed N. 10
That is, most of nitrate fed into the lake via the inflows had been removed at least once from 11 the lake water column and been involved into the total fixed N cycling in the lake, in which 12 the 15 N-enriched nitrate in the outflow had been produced (Fig. 1) . The stagnation of flow in 13 the lake encouraged primary production and thus the net removal of total fixed N through 14 either denitrification or sedimentation, which resulted in 15 Table 1 List of studied streams. 
